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INTRODUCTION 

The s tudies  undertaken by t h e  labora tor ies  of  Gaz de 
Frmce  i n  t h e  f i e l d  of energy conversion have been car r ied  out 
f o r  almost f o u r  gears  i n  order  t o  trensfomn d i r e c t l y  i n t o  
e l e c t r i c e l  energy i n  e LZlel c e l l  t h e  f r e e  energy of gases 
current ly  manufactured o r  d i s t r i b u t e d  by t h i s  na t iona l  service.  

Massive quant i t ies ,  r e l a t i v e l y  low pr ices  and ease of 
t ransport  of these  r a w  materials encourage research towards 
perfect ing i n d u s t r i a l  devices t h a t  would be simple, rugged, and 
inexpensive, but  capable o f  yielding s i g n i f i c a n t  power. Relatively 
i n e r t  f u e l s  a r e  t h e  usable gases:  both n a t u r a l  gas e i t h e r  
unreacted o r  c a t a l y t i c a l l y  steam reformed, and gas obtained by 
p a r t i a l  oxidation of gas and l i q u i d  hydrocarbons, nevertheless 
contain, although i n  s m a l l  quantity,  some impuri t ies  which seem 
t o  prohibi t ,  t o  our knowledge, t h e  use of s u f f i c i e n t l y  act ive,  
but  sens i t ive  c a t a l y s t s  which would allow f'unctioning at 
moderate temperatures and i n  an aqueous environment. Under these 
conditions,  it becomes necessary t o  counterbalance t h e  c a t a l y t i c  
e f f e c t  by an increase i n  tanperature  and hence t o  operate  i n  t h e  
precence of e l e c t r o l y t e s  made of molten salts .  
aake the best  use of t h e  notable advantages offered by the high 
tempera tues  providing t h e  condition t h a t  t h e  technological 
d i f f i c u l t i e s  and t h e  r e s u l t i n g  corrosion problems can be solved. 

The unavoidable heat re lease,  provoked by any type of 
3mct ioni rg  c e l l ,  i s  a l l  t h e  more inteiaesting t o  recover when t h e  
temperature of t h e  system i s  high and when t h e  dimensions of t h e  
imbtery a?e s i g n i f i c a n t .  The f u e l  c e l l  then becomes a means of 
base pioeuc Lion o f  e l e c t r i c a l  current  which i s  loca ted  upstream 
i n  a complex. 
energy release6 by t h e  c e l l .  

1. 

pr inc ip le  of an indust:-iel generator can be defined i n  a general 
sense m d  thus serve as a constant object ive towards which a l l  
- invest igat ions mst  be oriented. 

It seems b e t t e r  t o  

The o ther  devices of t h i s  complex can use t h e  thermal 

PRINCIPLES O F  OPERtTION FOR AN INDUSTRIAL GENERATOR 

Keepin: these  consideretions i n  mind, t h e  operating 

The p o t e n t i a l  at t h e  terminals  of an elementary c e l l  a r e  
~ W J .  For an i n s t a l l a t 5 o n  t o  be of i n d u s t r i a l  i n t e r e s t  it i s  
necess%r:r t o  group, i n  a u n i t  well adapted t o  isothermal operation, 
t h e  g r e e t e s t  possLble number of elements. However, as  these warn 
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each other ,  they must be spaced i n  the  most 
the’  regulat ing f l u i d  ensures as homogeneous 
D O s S i b l e  i n  a l l  D a r t s  of t h e  enclosure; fo? 

judicious vay so t h a t  
a temperature as  
obvious i’easons a i r  

;sed as an oxidant can be used f o r  this ro le .  

Two simple geometric forms may b e  considered a p r i o r i  f o r  
t h e  b a s i c  c e l l s :  t h e  plane and t h e  cylinder.  We have de l ibera te ly  
set our choice on t h e  l a t t e r  for t h e  following reasons: the thermal 
regula t ion  of an  assembly of bundles o f  the exchanger type i s  
i n d u s t r i a l l y  w e l l  known; the p r a c t i c a l  construct ion of f la t  and 
t h i n  electrodes of l a r g e  area presents  more d i f f i c u l t i e s  than t h a t  
of tubes; t h e  high temperature construct ion i n  the shape of a f i l t e r  
press  c rea tes  important sea l ing  problems and prevents any p o s s i b i l i t y  
o f  replacing an element without a complete s top  i n  the f’unctioning 
of  the bat tery;  the phenomena of d i f f i s i o n  o r  creepage of the 
e l e c t r o l y t e  a t  t h e  j o i n t s  or in any nonactive p a r t  o f  the c e l l  may 
be e a s i l y  eliminated i n  tubes by cooling o f  t h e  involved extremity, 
a t  a temperature s l i g h t l y  below t h a t  o f  the m e l t i n g  point of t h e  
f’used salts; the  r e a c t i n g  gas supply i s  g r e a t l y  s implif ied where 
a l l  t h e  c e l l s  have a n  electrode of the same s i g n  i n  a unique 
enclosure containing the corresponding gas; t h e  mechanical 
s t r e n g t h  o f  a tube made by successive layers  of the anode, of the 
e l e c t r o l y t e  and o f  the cathode, i s  better than  that of a plane 
sur face  made under i d e n t i c a l  conditions.  

The cons t ruc t ion  of a c y l i n d r i c a l  c e l l  b a t t e r y  i s  
advantageously made through a hor izonta l  d i s p o s i t i o n  of t h e  
elements ins ide  a heated paral le lepiped shaped container o f  which 
two opposite s i d e s  form supports and t o  which a r e  f ixed t h e  ends 
of the c e l l s  bearing the d i f f e r e n t  gas  d i s t r i b u t i o n  systems and 
the  current  c o l l e c t o r s .  I n  order  t o  determine orders  of magnitude, 
t h e  thickness of such an  i n s t a l l a t i o n  would be c lose  t o  one meter, 
and i t s  length and height  would be a f e w  meters. An unlimited 
number of c e l l s  may be used by placing them side by side separated 
by a passage l a r g e  enough t o  conduct e l e c t r i c  current  of 
s u b s t a n t i a l  s i z e .  

Figure 1 shows the sketch of an i n d u s t r i a l  u n i t  w h i c h  
would f’unction according t o  the above mentioned operating pr inciples .  

2 .  DESCRIPTION OF THE SINGLE CELL 

The conception of an element must s a t i s f y  the technological 
comtraints which have been enumerated and give an  answer t o  the 
economic problems t h a t  the d e v e l o p e n t  of a new technology can create.  

2 .1  Choice of Materials 

The m a t e r i a l s  w i t h  which the electrodes a re  made are 
genera l ly  expensive and rare, and it i s  necessary t o  use  them i n  
a small quant i ty  and t o  bui ld  them by simple methods re ly ing  on 
i n d u s t r i a l  techniques tha t  assure  reproducible f a b r i c a t i o n  of 
severa l  tens of thousand u n i t s .  The three phase contact problem, 
aseous (tb reac t ing  f l u i d s ) ,  l i q u i d  ( the  e l e c t r o l y t e )  and so l id  7 t h e  e lec t rodes) ,  has i n  t h e  beginning of  our work brought us t o  

follow t h e  method used very general ly  a t  t h e  t h e ,  which consis ts  
of using porous metals and looking for their  best operating conditions- 
Because, on the  one hand, of t h e  disadvantages that w e  have observed 
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i n  t h e  u t i l i z a t i o n  o f  a r e l a t i v e l y  th ick  layer ,  t h e  accumulation 
i n  t h e  pores e i t h e r  of products of combustion o r  ni t rogen from t h e  
air, and on the o ther  hand of t h e  knowledge o f  t h e  good difi’usion a t  
h ieh  temperature of gases through c e r t a i n  metals, we t r i e d  the use of 
these  metals i n  t h i n  compact sheets .  

The d i f fus ion  o f  hydrogen through palladium and platinum 
i s  ~t phenomenon which has been known f o r  a long time; f’urther t h e  
systematic s tud ies  t h a t  w e  have made i n  t h i s  f i e l d  have shown t h a t  
the  oxidant made o f  a i r  t o  which carbon dioxide has been added passes 
s u f f i c i e n t l y  rapidly through t h i n  s i l v e r  sheets  t o  give r e s u l t s  a t  
l e a s t  as good as wiih the porous substances. 

2.11 The Anode 

I n  s p i t e  of above mentioned advantages, t h e  u t i l i z a t i o n  
of palladium i n  a sheet cannot be considered for economical reasons, 
because it prohib i t s  t h e  use of any o ther  f u e l  gas than hydrogen. 
For these  reasons, t h e  anode i n  our c e l l s  i s  always a graphi te  
cyl inder  very l i g h t 1  
(c lose  t o  0.1 mg/crn29. 

Graphite has numerous advantages : good e l e c t r o n i c  
conductance, very low expansion coef f ic ien t ,  r e l a t i v e l y  good 
mechanical strepgth and easy construction. Furthermore, i n  t h e  
reducing environment i n  which it i s  s i tua ted ,  it has never shown 
s igns  of de te r iora t ion .  

covered on t h e  surface with palladium 

2 . 1 2  The Cathode 

t h e  only m e t a l  usable as a cathode. But used as i s  and without 
preliminary precaution, i n  t h e  presence of molten carbonates, 
it i s  subject t o  permanent corrosion. A systematic study has 
broL,ght t o  l i g h t  three pr inc ipa l  aspects  o f  t h e  s i l v e r  corrosion 
t h a t  can be summarized i n  the  following manner; one o f  machanical 
ne ture  due t o  a degradation of t h e  s t r u c t u r e  and which favors  g r a i n  
formation; another of a chemical nature  which can be defined by a 
l imi ted  d i s s o l u t i o n  i n  t h e  e lec t ro ly te ;  f i n a l l y  t h e  t h i r d  of an 
eiectrochemical nature making some s i l v e r  p r e c i p i t a t e s  appear i n  
the e l e c t r o l y t e ,  which, because of ,convection cur ren ts  and var iable  
p o t e n t i a l  l i n e s  i n  t h e  Punctioning c e l l s ,  can se t t le  at d i f f e r e n t  
points  betveen t h e  two electrodes.  

combinin5 i.rith re f rac tory  oxides either i n  the e l e c t r o l y t e  ba th  
o r  i n  t h e  cathode i t s e l f ,  have lead us t o  use a f i l m  of these  oxides 
i n  order  t o  mater ia l ize  the idea of protect ing t h e  s i l v e r  surface.  

Ylame s p r e y i G  and oYl”ers all t h e  q u a l i t i e s  of  a sheet. 

S i l v e r  cons t i tu tes  at t h e  present s t a t e  of  our knowledge, 

However, our observations on the  i n h i b i t i n g  r o l e  o f  

The f i h  i t s e l f  i s  made i n  a t h i n  l a y e r  ( 0 . 1  mm) by 

2 .  l3 The Elec t ro ly te  

Onlp e l e c t r o l y t e s  made of molten salts  are usable.  
k c o x  t h e  d i f f e r e n t  possible  solut ions,  carbonates i n  a mixture 
judiciousl:T chosen i n  r e l a t i o n  t o  the temperature have been employed 
f o r  C O 2  as one o f  t h e  reect ion products and i t s  presence i s  favorable 
i n  p a r t i c u l a r  t o  t h e i r  thermal s t a b i l i t y .  
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2 . 2  Bnployment of Materials 

f a c i l i t y  of assembling, good mechanical res i s tance ,  small q u a n t i t i e s  of 
mater ia ls ,  easy i n d u s t r i a l  operation, w e  have s tudied i n  t h e  most 
comprehensive way t h e  b e s t  method of construct ion based on t h e  
following pr inc ip les  : 

2.21 The Active Substance o f  t h e  Cell  (Fig.  2 )  

A l a y e r  o f  re f rac tory  oxide, preferably of magnesia or s t a b i l i z e d  

t h i n  layer ,  jus t  t h i c k  enough t o  assure  a good e l e c t r i c  insu la t ion  
contains  t h e  carbonates and thus serves as a support f o r  t h e  
e l e c t r o l y t e .  A s i lver -based  t h i n  f i l m  (0 .1  t o  0 . 2  mm) which 
c o n s t i t u t e s  t h e  cathode i s  then  deposited on t h e  assembly. This 
m e t a l l i c  f i l m  i s  t o o  t h i n  t o  insure  by i t s e l f  a s u f f i c i e n t  means 
f o r  current  removal and t h i s  i s  achieved by a s i l v e r  wire f ixed along 
the e lec t rode  which can be joined i n  a ba t te ry ,  t o  a cent ra l  
conduct o r  . 
2.22 The Top of t h e  C e l l  (Figure 3 )  

a b r a s s  piece which contains:  an axial nozzle t h a t  penetrates  t o  
t h e  bottom of t he  mode, i t s  role i s  t o  feed fie1 t o  the c e l l  and 
t o  c o l l e c t  t h e  anodic current ;  a r a d i a l  nozzle through which 
the  excess f i e 1  t h a t  has not reacted c a r r i e s  away t h e  products of 
t h e  r e a c t i o n  water vapor and carbon dioxide. 

This p a r t  of t h e  c e l l ,  i s  connected t o  the w a l l  o f  t h e  
e x t e r i o r  enclosure and i s  maintained a t  a lower temperature than  
t h a t  of  t h e  melting poin t  of carbonates; they s o l i d i f y  and t h e  
creepage phenomena t h a t  would provoke t h e i r  disappearance i s  
prevented. 

To s a t i s f y  the conditions preceedingly developed: compactness, 

On t h e  anode g r a p h i t e  finger palladium i s  deposited.  

’ alumina i s  deposited on t h e  anode by flame spraying. This very 

The open extremity o f  t h e  graphi te  f i n g e r  i s  f ixed  i n  

3 .  CONSTRUCTION OF A LABORATORY BATTERY USING SEMI-INDUSTRIAL ELEMENTS 

The experimentation w i t h  s i n g l e  c e l l s  of various dimensions 
and method of cons t ruc t ion  proceeds in d i f f e r e n t  d i rec t ions  w i t h  two 
goals;  f i r s t  t o  increase  e l e c t r i c a l  performances, and second t o  
prolong t h e i r  l i f e .  

dimensions which are a l ready  s u b s t a n t i a l  and t h e  b a t t e r y  t h a t  we have 
m d e  could e a s i l  be b u i l t  on a l a r g e r  scale. But current  d e n s i t i e s  

not permit such an extrapolat ion.  

The present  conception of t h e  c e l l s  would allow a u n i t  o f  

of t h e  order  of x 0 mA/cm2 a t  600 mV, and l imited longevi t ies ,  do 
I 

However, t h e  necess i ty  t o  come out with a development of 
gas  c e l l s  as quickly as possible  has lead  us t o  d e a l  with problems 
crea ted  by the  grouping of severa l  elements. 
t h e  following enumeration mentions only t h e  p r i n c i p a l  ones: 

The l a t t e r  are many and 

1. Regulation of  t h e  unit temperature 

2. Ef fec t ive  c o l l e c t i o n  of t h e  current  
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3. Evacuation and recuperation of the reac t ion  products. 

4.  

5. Current Efficiency 

0 .  

7. Analysis of r e s u l t s  and evaluat ion o f  t r u e  e f f ic iency  

l a r g e  laboratory proportions already using some elements at t h e  
semi- industr ia l  sca le ,  has been undertaken i n  p a r a l l e l  w i t h  research 
on s i n g l e  c e l l s .  

Controlled feeding of oxidant and fuel 

S t a r t i n g  and stopping of the  b a t t e r i e s  

-4ccordingly t h e  study and construct ion of a u n i t  of 

3.1 Description of t h e  I n s t a l l a t i o n  

3.1, Choice o f  the Number of Elements 

general ly  adopted for t h e  bundles of tubes,  we have chosen 7 elements 
of which one i s  c e n t r a l l y  located.  It i s  necessary t o  place them i n  
an oven chat w i l l  insure  t h e i r  heat ing a t  t h e  start  and t o  
compensate For Ileac l o s s e s  while i n  operation. 

3.12 The Oven (Figures 4 and 5 )  

seven elements and can be placed under an oxidant pressure of a few 
ten ths  of  a bar.  It contains three superposed res i s tances ,  the  
w i r i n g  and regula t ion  of which are independent, t h e  l i d  of  t h e  oven 
i s  f ixed and supports t h e  tubular  c e l l s ;  the  oven can be lowered t o  
give access t o  t h e  electrodes.  The lower par t  can a l s o  be taken 
apar t  and e a s i l y  repaired i n  the case of e l e c t r o l y t e  leakage; it i s  
provided, w i t h  devices that secure t he  posi t ioning and support of 
t h e  cathodes. This oven i s  a l s o  provided w i t h  a u x i l i a r i e s  that  
include: 

I n  order  t o  correspond t o  t h e  hexagonal d i s p o s i t i o n  

It permits heating t o  1000°C the volume containing the 

1. An e leva tor  assembly made of a platform capable o f  moving 
v e r t i c a l l y  which supports t h e  oven. 

2.  A l i f t i n g  crane for t h e  block of c e l l s .  

3. The regulat ion of t h e  independent e l e c t r i c a l  connections t o  the 

3.13 A-uxilieries Insuring the Functioning of t h e  Bat tery 

three  heat zones. 

F i r s t  l e t  us  mention t h e  i n l e t  and o u t l e t  c i r c u i t s  of  the 
reac tan ts  Irhich present a c e r t a i n  complexity s ince they must insure 
constant floim, pressures  and mixtures ( c a s e  of t h e  carbonated 
oxidanc) . Furthermore, t h e  products of t h e  reac t ion  a r e  col lected 
and sccounted for .  

The problem r e s u l t i n g  from t h e  u t i l i z a t i o n  of a current  
produced et  several  t e n s  of amperes under some hundreds of m i l l i v o l t s  
has been solved through the use of a r o t a t i n g  device. 

The oven i s  surrounded by a platform o f  dimensions large 
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enough t o  allow the  technic ians  t o  work d i r e c t l y  on the  tops  of 
the  c e l l s :  a l l  t he  con t ro l l i ng  and measuripg instruments are 
grouped a t  t h i s  l eve l .  

Figure 6 shows a general  view of the  system, it shows: 

1. I n  the  foreground t h e  platform. 

2. A t  t h e  l e f t ,  t h e  oven. 

' 3 .  A t  t he  right the  instruments for measwing, cont ro l l ing  and fue l  
supply assembled on the  same board. 

3 .  l4 Measuring Instruments 

flow meters, t h e  water produced i s  re ta ined  by co l l ec to r s  followed 
by weighings: t h e  carbon dioxide i s  sampled by a mass spectrometer 
(F ig .  7 ) .  

The o v e r a l l  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  b a t t e r y  and 
those o f  each single c e l l  a r e  recorded continuously i n  order  t o  
obta in  t h e  most information from each experiment. 

The gas r e a c t a n t s  a r e  supplied v i a  c l a s s i c a l  laboratory 

To account for r e s u l t s  and t o  ca l cu la t e  the  e l e c t r i c a l  
and electrochemical performances o f  t he  i n s t a l l a t i o n ,  s u i t a b l e  
meters are employed. Let u s  add t h a t  these measurements a re  
completed by tak ing  temperature at numerous poin ts  i n  the i n s t a l l a t i o n  
and in s ide  each c e l l .  
3.2 Experimental Resul t s  / 

The assembling of  the complete i n s t a l l a t i o n  has  j u s t  been 
completed but i t s  a u x i l l i a r y  apparatus for production of reformed 
gas  t h a t  i s  intended for use w i t h  it, i s  not yet  functioning. 
This  i n s t a l l a t i o n  has  been i n  operat ion for too short  a time t o  

f 'urther substant ia ted.  A s  an example we sha l l  give the r e s u l t s  obtained / 
during t h e  f i r s t  experiment w i t h  a s e t  of 7 c e l l s  made under iden t i ca l  
but not optimum i n d u s t r i a l  condi t ions.  

3.21 Charac t e r i s t i c s  of a Single  Cell 

make i t  possible  t o  publ i sh  d e f i n i t e  r e s u l t s  t h a t  ought t o  be I 

1 
T o t a l  Active Weight, m/ cm2 I 
Length, Mam., Surface, Refractory 

mm mm cm Cathode Anode Electrolyte Oxide 

800 18 220 0.130 graphite 0.048 0.170 / 

- J  
0.55 

0.002 
palladium 

I 

3.22 Operating condTtions i 

Oxidant a i r  + Cog ( 3 0 % ) ;  flow, 300 l /h  under 150 m bars. 
The flow of a i r  i s  r e l a t i v e l y  important due t o  the  oversized 
dimensions of the  oven. 
under 130 m bars. 
recycled a f t e r  use.  Temperature of operation: 600Oc. 

Fuel i n d u s t r i a l  hydrogen flow, 50 l /h  
f I n  t h i s  experiment the hydrogen i s  not 



-231- , 

3 . 2 3  Pr inc ipa l  r e s u l t s  obtained 

This  experiment was p a r t i c u l a r l y  aimed a t  determining t h e  
e f f ic iency  of series and p a r a l l e l  assemblies and i n  both cases the  
current  p o t e n t i a l  curves shown on Figures 8 and 9. 

The performances obtained w i t h  these c e l l s  made under 
poor conditions and f o r  a r e l a t i v e l y  low t e s t  temperature a re  modest: 
20A a t  0.5v, which corresponds t o  a maximum power o f  l o w .  

The durat ion of the experiment which was l imi ted  to 
approximately t e n  hours cannot be taken i n t o  consideration. 

This experiment has shown, however, tha t  the  whole 
i n s t a l l a t i o n  can s a t i s f y  a l l  t h e  technological  ob jec t ives  t h a t  
we  had defined. Furthermore, it w i l l  be possible  t o  have 
twenty c e l l s  operate within the same dimensions and t h e  same 
connections and the usable  surface of each one of t h e  c e l l s  
may be f 'urther increased. 

4. CONCLUSIOITS 

dimensions which we have reached could, from the technological 
point of view, lead i n  t h e  f i t u r e ,  without major d i f f i c u l t y ,  
t o  the  construct ion of a p i l o t  u n i t .  Numerous problems f o r  
assembling and handling of mter ia ls  were solved. They permit t he  
construct ion of a b a t t e r y  which o f f e r s  the p o s s i b i l i t y  of studying 
t h e  behavior of c e l l s  fabr ica ted  under var ious condi t im. ,  
following operat ing methods ap t  t o  be used i n  industry.  

the causes of corrosion (some s i lver  cathodes preserved through 
combination with a coat of r e f r a c t o r y  oxide have shown no 
detectable  sign of corrosion after operat ing f o r  a f e w  hundred 
hours). 
we consider, the  construct ion of c e l l s  whose l i f e t i m e  exceeds a 
year.  

obtained from single c e l l s  are i n s u f f i c i e n t  t o  make a powerfbl 
generator operate under advantageous condi t ions and compete with 
standard methods of power generation. We do not bel ieve t h a t  t h i s  
problem i s  impossible t o  solve i n  a reasonable period of  time 
because it i s  d i f f i c u l t  t o  imagine performance of high temperature 
c e l l s  being i n f e r i o r  t o  those of  cold c e l l s .  

On t h e  other  hand the  l i f e t i m e  of gas c e l l s  which depends 
i n  p a r t i c u l a r ,  on many phenomena of corrosion, on t h e  modification 
and the  change wi th  t i m e  of t h e  proper t ies  of mater ia l s  a t  
various temperature, w i l l  r equi re  important e f f o r t s  i f  the  research 
i s  t o  be brought t o  the proper value. 

The conception of an elementary c e l l  of semi- industr ia l  

Important progress  has been made t o  considerably reduce 

It i s  now necessary t o  ensure an i n d u s t r i a l  appl icat ion t h a t  

The current  d e n s i t i e s  of some t e n s  MA/cm2 t h a t  we 

For t h i s  purpose, Gaz de I;"ranc'e i s  working i n  col laborat ion 
w i t h  special ized labora tor ies  a t  u n i v e r s i t i e s  or i n  industry and 
p a r t i c u l a r l y  u i t h  the  Compagnie Generale d '  E l e c t r i c i t d .  Gaz de 
_France has obtained a research contract  as a r e s u l t  of ac t ion  of the 
committee f o r  conversion of  energy which i s  p a r t  of the General 
Delegation f o r  Technical and S c i e n t i f i c  Research. 
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Indust r ia l  scale  plant 
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,Figure 2: Main Section of a Single  Cell 
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rfikGie 3 : Seven-Element Battery, TOP view 
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Figure 5 : Seven-Element Battery, Bottom View 
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Figure 7: Recovery of the Reaction Products 
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